Abstract Activating transcription factor 3 (ATF3) is a member of the ATF/cyclic AMP response element-binding (ATF/CREB) family of transcription factors. It is an adaptive-response gene that participates in cellular processes to adapt to extra-and/or intracellular changes, where it transduces signals from various receptors to activate or repress gene expression. Advances made in understanding the immunobiology of Toll-like receptors have recently generated new momentum for the study of ATF3 in immunity. Moreover, the role of ATF3 in the regulation of the cell cycle and apoptosis has important implications for understanding susceptibility to and progression of several cancers.
Introduction
The activating transcription factor (ATF) family represents a large group of basic-region leucine zipper (bZIP) transcription factors. ATF/cyclic AMP response elementbinding (CREB) family members include ATF1 (also known as TREB36), CREB, CREM, ATF2 (also known as CRE-BP1), ATF3, ATF4, ATF5 (also known as ATFX), ATF6, ATF7, and B-ATF [1] . The common feature that these proteins share is the bZIP element. The basic region in this domain is responsible for specific DNA binding, while the leucine zipper region is responsible for forming homodimers or heterodimers with other bZIP-containing proteins such as the AP-1, C/EBP, or Maf families of proteins [1] . ATF/CREB proteins were initially identified for their binding to the cyclic AMP response element (CRE) in various promoters, which has the consensus sequence TGACGTCA [2, 3] .
Cloning of the ATF3 full-length cDNA revealed a deduced protein sequence of 181 amino acids with a calculated molecular mass of 22 kD [4, 5] . An alternatively spliced form of ATF3 cDNA which encoded a truncated isoform (ATF3∆Zip) that lacked the leucine zipper dimerisation domain was also identified. The longer isoform of ATF3 was initially suggested to homodimerise and repress rather than activate transcription of promoters with ATFbinding elements. However, ATF3 has been shown to dimerise with other ATF/CREB proteins, including ATF2 [4] , c-Jun [6] [7] [8] , Jun B [7, 8] , and JunD [9] [10] [11] . Depending on the promoter context, these heterodimers can act as either repressors or activators of transcription [12] . Therefore, the role of ATF3 as a repressor or activator of transcription cannot be generalised. This is especially true in vivo, where the presence or absence of other ATF/CREB family members may ultimately decide the role of ATF3 in transcriptional regulation. ATF3∆Zip does not bind DNA, yet it is able to stimulate transcription, possibly by preventing the access of inhibitory co-factors to gene promoters [5] . Therefore, it is possible that alternative splicing of the ATF3 gene may be physiologically important in the regulation of target genes.
ATF3 expression is maintained at low levels in quiescent cells. Extensive studies have characterised ATF3 as an adaptive-response gene [1, 13] that is induced by a wide variety of signals including those initiated by cytokines, genotoxic agents, or physiological stresses [1] . Interestingly, unlike other ATF family members, emerging evidence has implicated ATF3 in host defence against invading pathogens and cancer. These processes are controlled by the efficient coordination of cell responses and genetic regulatory networks which allow this key transcription factor to modulate the expression of a diverse set of target genes, depending on the cell type and/or the nature of the stimuli. Therefore, the purpose of this review will be to highlight the recent discoveries regarding ATF3 regulation of immunity in addition to its contradictory roles in oncogenesis.
Regulation of innate immune responses
The innate immune system detects the presence of pathogens or tumours through a variety of different mechanisms, involving both cell surface receptors and intracellular sensors. Prominent among these pathogen sensors is the Toll-like receptor (TLR) family. To date, 10 and 13 TLR genes have been cloned in human and mouse, respectively, with each of the TLRs appearing to recognise a unique set of pathogen-associated molecular patterns (PAMPs) [14] . TLR1, 2, 4, 5, and 6 are expressed on the cell surface membrane and recognise bacterial and fungal products, while TLR3, 7, 8, and 9 reside in intracellular endosomes and specialise in detection of pathogenassociated nucleic acids. Following recognition of their ligands, TLRs trigger intricate cellular signalling pathways that endow cells with antiviral and antibacterial states and promote the expression of inflammatory cytokines, chemokines, and co-stimulatory molecules that are critical for the activation of adaptive immune responses. In addition, TLR signalling has been implicated as a regulator of tumour development [15, 16] . Here, we summarise the recent discoveries regarding the role of ATF3 regulation in immunity, particularly with respect to the TLR signalling pathways.
Identifying the role of ATF3 in immune regulation
A role for ATF3 in immune regulation was initially identified following a series of experiments investigating the mechanisms involved in the ability of an Alphavirusbased DNA vaccine to mediate rejection of B16-F 10 melanomas. The Alphavirus vector, encoding melanoma antigen, was shown to also produce immunostimulatory PAMPs including CpG-DNA and double-stranded RNA (dsRNA) [17] [18] [19] . Subsequent co-administration of immunostimulatory dsRNA (synthetic mimetic poly:IC (pIC)) and CpG-containing oligodeoxynucleotides (CpG-ODN), in the absence of melanoma antigen, exhibited synergistic activity against B16-F 10 melanoma in C57BL6 mice, via the activation of TLR signalling [20] . Later microarray transcript profiling of murine bone marrow macrophages (BMM) treated simultaneously with pIC and CpG-ODN identified atf3 as a key transcript up-regulated synergistically by the combined signalling of TLR3 and TLR9 [21] .
ATF3 as a negative regulator of immune function
Consistently, treatment of BMMs with lipopolysaccharide (LPS; TLR4), pIC (TLR3), CpG-ODN (TLR9), pIC/CpG-ODN (TLR3 and TLR9), and zymosan (TLR2/6 heterodimer) was shown to significantly elevate ATF3 protein expression, demonstrating that ATF3 induction occurs in response to a wide range of TLRs [21] . This identified ATF3 as a potential transcriptional regulator of TLR signalling in macrophages. Accordingly, atf3-deficient primary macrophages produced elevated amounts of interleukin (IL)-6 and IL-12p40 cytokines in response to a range of activated TLRs and elevated tumour necrosis factor (TNF)-α production following TLR9 activation alone [21] . This confirmed and extended an earlier study that demonstrated ATF3 induction following TLR4 stimulation and increased IL-6 and IL-12b production in atf3-deficient BMMs treated with LPS [22] . Therefore, ATF3 is able to negatively regulate transcription of pro-inflammatory cytokines. Interestingly, these are genes that possess ATF/ CREB promoter binding sites within close proximity of NF-κB sites [22] , suggesting that ATF3 may modulate NF-κB-related transcription. Accordingly, the association of ATF3 with histone deacetylase 1 may be the possible mechanism that antagonises transcription of NF-κB target genes [22] . Negative regulation by ATF3 may also occur indirectly. For example, ATF3 can negatively regulate IL-6 transcription by inhibiting expression of CEBPδ, which is a positive regulator of IL-6 [23] . These data suggest that ATF3 functions in a negative feedback loop response to suppress TLR-mediated cytokine expression. This implicates ATF3 as a key regulator of immunity against invading pathogens and inflammatory diseases.
The role of ATF3 in inflammatory diseases
The atf3 knockout mouse has proved a useful tool in further dissecting the role of ATF3 in immune regulation [24] . In accord with its role as an inducible adaptive-response gene, atf3 knockouts exhibit no developmental abnormalities, with phenotypes only appearing when the mice are challenged with stress stimuli. Consistent with evidence that ATF3 negatively regulates pro-inflammatory cytokine production, atf3-deficient mice administered LPS intraperitoneally have significantly elevated serum IL-6 and IL12b levels compared to wild type controls, in line with in vitro data [22] . Furthermore, the atf3-deficient mice displayed an overt susceptibility to endotoxic shock induced death, with all individuals succumbing within 24 h of exposure, compared to wild types which survived until at least 36 h post-injection. These data suggest that negative feedback regulation by ATF3 is critical for the prevention of acute inflammatory syndromes by limiting pro-inflammatory cytokine expression in response to pathogen-related signals. Consistent with the harmful affects of increased cytokine production, PR8 influenza infected atf3-deficient mice experienced delayed weight recovery following resolution of the infection [21] . Cytotoxicity associated with elevated TNF-α levels may be responsible for this observation, as increased levels of this cytokine were expressed in the spleens of atf3-null mice treated intraperitoneally with a TLR9 PAMP, CpG-ODN. Though the proportions of circulating PR8 influenza specific neutralising antibodies or CD8 + T cells were not significantly altered in knockout mice infected with the virus, it could not be ruled out that clearance of the virus was inhibited. In a mouse model of ovalbumin allergen-induced asthma, ATF3 expression was shown to be significantly increased [25] . When compared to wild type, atf3-null mice exhibited significantly increased airway resistance, which corresponded with increased inflammatory cell infiltrate, including macrophages, lymphocytes, and eosinophils as assessed by bronchoalveolar lavage. Activated CD4 + T lymphocytes from atf3-deficient mice expressed elevated IL-4, IL-5, and IL-13. ATF3 was shown to bind the IL-4, IL-5, and IL-13 promoters, and antagonise transcription mediated by JunB, an AP-1 family member. Additionally, the chemokines CCL2, 7, 8, 11, and CXCL1, 2, and 5 were highly expressed in atf3-deficient lungs, suggesting that ATF3 negatively regulates their transcription. ATF3 has also been implicated in the transcriptional regulation of a related chemokine, CCL4, in murine macrophages, supporting a role for ATF3 regulation of inflammatory chemokines and not only cytokines [26] . From these data, it is clear that ATF3 has important roles in the suppression of inflammatory responses to infection and allergy. Likewise, atf3 deficiency in these animal models of inflammation appears to be systematically harmful because of increased cytokine production and increased inflammatory cell infiltrate associated with increased chemokine output. In contrast to these data, atf3 deficiency has been demonstrated to be beneficial in the clearance of murine cytomegalovirus (MCMV) infection. atf3-deficient mice injected with a sublethal dose of MCMV possessed significantly reduced titres and pathology in livers, after 3 days, compared to wild type [27] . Furthermore, common γ-chain −/− Rag2 −/− mice, lacking natural killer (NK) cells and T lymphocytes, reconstituted with atf3-deficient NK cells, displayed significantly reduced MCMV titres in the liver, 48 h postinfection, demonstrating that ATF3 acts directly in NK cells. In this regard, ATF3 was shown to be induced after activation of NK cells by IL-12 and anti-CD28 antibody.
The improved function of atf3-deficient NK cells was attributed to increased expression of interferon (IFN)-γ, a potent regulator of NK cell activity. Overall, these data demonstrate that ATF3 is required for the maintenance of normal host defence mechanisms (Fig. 1, Table 1 ). This raises the possibility that ATF3 could be targeted and induced therapeutically to help combat excessive inflammatory responses, or conversely, ATF3 could be silenced in order to bolster inadequate immune defence.
Regulation of oncogenesis
Emerging evidence suggests that ATF3 may play another critical function in host defence by regulating the delicate balance between proliferative and apoptotic signals that contribute to the development of cancer. Interestingly, ATF3 has been demonstrated to play differing roles in cancer development depending on the cell type and context. This fact is perhaps best exemplified by the recently reported dichotomous role of ATF3 in syngeneic breast cancer cell lines. ATF3 overexpression protected malignant MCF10CA1a human breast cancer cells from apoptosis and promoted their metastatic potential, associated with an upregulation of fibronectin-1, TWIST-1, and Slug transcripts [28] , which are key regulators of cell-cell or cellextracellular matrix interaction. Conversely, ATF3 was shown to enhance apoptosis in the untransformed MCF10A mammary epithelial cell line. Accordingly, we summarise the controversial roles of ATF3 in both oncogenesis and tumour suppression.
ATF3 as an oncogene
There are many studies that support an oncogenic role of ATF3. Most striking are studies that have demonstrated correlative evidence of ATF3 overexpression in human cancer tissue. For example, ATF3 expression was found to be elevated in a significant number of human breast cancers, potentially due to amplification of the ATF3 gene localised within the chromosome 1q amplicon, a region that is the most frequently amplified region in breast tumours [28] . Similarly, ATF3 is highly expressed in malignant human prostate cancer tissue, with the highest expression patterns observed in tumours possessing poorer prognostic indicators [29] . High expression of ATF3 has also been observed in Hodgkin compared to non-Hodgkin lymphomas and non-malignant tissue [30] . These studies therefore provide correlative evidence which suggests that ATF3 expression contributes to the successful propagation of human cancer. Consistent with these findings, loss-and gain-offunction approaches suggest that ATF3 may be oncogenic as it can be protective against apoptosis and, in many cases, can also promote metastasis of cell lines in vitro and in vivo. Overexpression of ATF3 in Du-145 human prostate cancer cells resulted in increased proliferation and G1-to-S growth phase transition [29] . In another model of prostate cancer, atf3 transcription was shown to be inhibited by Drg-1, a suppressor of metastasis [31] . This suggested that ATF3 functions to promote metastasis in prostate cancer. In line with this, overexpression of ATF3 promoted motility and invasiveness of human PC-3MM and ALVA prostate cancer cells, whilst also promoting lung metastasis of rat AT2.1 prostate cancer cells injected subcutaneously into SCID mice. ATF3 was similarly suggested to contribute to metastasis, as cell adhesion and cell invasion were inhibited by expression of anti-sense ATF3 oligonucleotides in HT29 human colon cancer cells [32] . Furthermore, anti-sense ATF3 decreased growth of HT29 cell xenografts, correlating with increased survival of affected mice. Loss of ATF3 function, by small interfering RNA knockdown, has also been shown to reduce proliferation and viability of L428 and L540Cy Hodgkin lymphoma cells [30] . These data suggest that ATF3 expression has the potential to promote cancer progression. However, the mechanisms and transcriptional targets, through which ATF3 can allow cancer cells to remain viable, proliferate, and eventually spread, are still largely undefined. GADD153 represents one known target gene which may allow ATF3 to promote oncogenesis. GADD153 expression is known to induce cell cycle arrest and apoptosis in response to cellular stress factors [33, 34] and is also known to promote apoptosis of cancer cell lines in response to anti-tumourigenic compounds [35, 36] . Importantly, overexpression studies demonstrated that ATF3 could bind the GADD153 promoter and repress its transcription in HeLa cells [37] , providing a possible avenue through which ATF3 could promote survival of cancer cells. Fig. 1 The role of ATF3 in host defence via the regulation of immune responses and cancer progression. ATF3 is an important regulator of immune responses and cancer progression. In inactive immune cells, including macrophages, NK cells, and CD4 + T cells, ATF3 expression is maintained at low levels. Following activation of these cells by various signalling pathways including those initiated by TLRs, cytokines, and antigen presentation, ATF3 is rapidly induced where it then binds its target promoters to regulate transcription. NF-κB and AP-1 are transcription factors, well known for their ability to promote transcription of inflammatory cytokines and chemokines. ATF3 appears to directly antagonise NF-κB and AP-1 driven promoters, resulting in decreased expression of distinct subsets of cytokines and chemokines. Overall, ATF3 is therefore able to limit the intensity of the inflammatory response to infection and allergy and ultimately prevent pathological conditions associated with uncontrolled output of inflammatory mediators. Controversially, ATF3 has also been suggested to plays roles as both a tumour suppressor and oncogene. Although the mechanisms that regulate ATF3 induction in cancer cells are largely unclear, it is possible that ATF3 could prevent tumour growth by repressing transcription of cell cycle genes (such as cyclin D1 and Id1) and cell survival genes (such as IRS2). Conversely, induction of metastatic mediators FN-1, TWIST-1, and Slug, or suppression of GADD153, a known pro-apoptotic gene, may implicate ATF3 as an oncogene
ATF3 in tumour suppression
In contrast to the studies above, some evidence suggests that ATF3 may be able to inhibit tumourigenesis. Firstly, ATF3 appears to be expressed at lower levels in human colorectal cancer [38] , suggesting that loss of ATF3 function results in loss of tumour suppression. This is in line with studies that have suggested that ATF3 may be able to promote apoptosis and reduce the metastatic potential in varied cell lines, in order to prevent cancer development. For example, ATF3 overexpression results in increased apoptosis of PC3 human prostate cancer cells [39] , reduced focus formation, reduced size of subcutaneous HCT-116 human colorectal cancer cell xenografts in nude mice [40] , and increased apoptosis and metastatic potential of human ovarian cancer cells [41] . The potential role of ATF3 as a tumour suppressor is also supported by its defined role in transforming growth factor beta (TGFβ) signalling [42] . TGFβ is a potent tumour suppressor in epithelial cells, which signals via Smad3 activation to directly induce ATF3. ATF3 and Smad3 then form a complex that directly mediates Id1 repression through binding its promoter. Id1 is able to induce cancer cell growth and promote cell survival and has been demonstrated to be overexpressed in many different cancer types [43] , indicating a possible mechanism through which ATF3 can suppress tumourigenesis. In addition, ATF3 can also be induced by a range of antitumourigenic compounds, including curcumin [44] , nonsteroidal anti-inflammatory drugs [38] , progesterone [41] , and the phosphatidylinositol inhibitor, LY294002 [45] . If ATF3 does indeed act as a tumour suppressor, it may be responsible in part for the action of these compounds. However, induction of ATF3 by treatment with these compounds may result in deleterious effects if ATF3 functions as an oncogene [28] .
Mouse models used to further understand the action of ATF3 in oncogenesis Transgenic mouse models have also proved useful tools to delineate the possible function of ATF3 in cancer. Mice overexpressing ATF3 in basal epithelial cells under the control of the bovine cytokeratine 5 promoter (BK5.ATF3) possessed epidermal hyperplasia, hair follicle anomalies, and incidences of oral squamous cell carcinoma and basal cell tumours at 16 months of age [46] . Similarly, biparous BK5.ATF3 mice developed mammary carcinomas between 6 and 12 months of age [47] . These studies suggest that ATF3 plays the role of an oncogene. Conversely, other studies have implicated ATF3 as a tumour suppressor, due to its ability to induce apoptosis and cell cycle arrest. atf3-deficient primary pancreatic islets were partially protected from IL-1β/IFN-γ or nitric oxide-induced apoptosis [24] . This correlated with development of abnormal pancreatic islets and defects associated with β-cell deficiency in transgenic mice overexpressing ATF3 under the control of the PDX-1 promoter, likely indicating that these islets possessed apoptotic defects [24] . Islets isolated from transgenic mice expressing ATF3 in pancreatic β-cells under the control of the rat insulin promoter were later shown to exhibit higher rates of apoptosis, due to the ability of ATF3 to repress transcription of insulin receptor substrate 2 (IRS2) [48] . IRS2 disruption has been implicated in diabetes [49] , but more importantly, IRS2 is a signalling adaptor molecule that promotes tumourigenesis and metastasis when transgenically expressed in murine mammary glands [50] , identifying a possible mechanism through which ATF3 can suppress tumour development. Finally, in a loss-of-function approach, atf3-deficient mouse embryonic fibroblasts were shown to transition from G1 to S phase growth more efficiently, compared to wild type [13] . atf3-deficient fibroblasts were also more susceptible to transformation by oncogenic Ras, which correlated with increased size of xenograft tumours in nude mice and higher growth rate of the cells in vitro [13] . Importantly, ATF3 was shown to bind the cyclin D1 promoter and repress its transcription. Cyclin D1 is an important regulator of G1 to S phase progression which has been implicated in the development and progression of many human cancers [51] . These data therefore support a role for ATF3 as a tumour suppressor via its ability to promote cell death and suppress cell cycle progression. Overall, however, ATF3 can not be clearly defined as an oncogene or tumour suppressor ( Fig. 1 , Table 1 ).
Conclusions and perspectives
Host defence plays two major roles in the regulation of inflammatory responses and cancer. These processes require strict coordination of cellular responses to adapt to and control disease outcomes. ATF3 is an adaptiveresponse gene that participates in cellular processes to adapt to extra-and/or intracellular changes, where it transduces signals from various receptors to activate or repress gene expression. Accordingly, ATF3 can be implicated as a regulator of host defence mechanisms. ATF3 is required to strictly regulate and limit key aspects of immune function, particularly to prevent immune pathologies associated with uncontrolled pro-inflammatory cytokine production. In support of this, current evidence largely indicates that atf3 deficiency is detrimental to inflammatory disease conditions, including septic shock and asthma. Conversely, ATF3 deficiency has been shown to be beneficial for the clearance of MCMV infection. ATF3 induction could therefore prove a useful therapeutic strategy to reduce the harmful effects of unregulated immune responses, whereas ATF3 knockdown may be useful where immune responses are inadequate. Further studies should be conducted to firmly identify a role for ATF3 in cancer development. It is obvious that the cellular context strongly influences the roles of ATF3, so it is therefore important to identify ATF3 transcriptional targets and interacting partners in order to accurately gauge the contribution of ATF3 to cancer.
Clearly, ATF3 does not function in these processes alone and is known to directly and indirectly cooperate with or antagonise members of its own family, as well as members of other classes of transcription factors (Fig. 1, Table 1 ). The relationship between ATF3 and NF-κB is of particular interest because both are activated by a remarkably common set of stimuli, such as PAMPs and DNA damage. Furthermore, both transcription factors play essential roles in immune cell function. In this regard, however, ATF3 and NF-κB appear to exert opposite effects on the expression of many cytokines. Both have also been shown to regulate cell growth and survival. NF-κB acts as a potent pro-survival transcription factor and contributes to the development of tumours, including inflammation-linked cancers. Precisely how these two transcription factor families cooperate and antagonise one another is an important question to be addressed.
Given that ATF3 is critical for two aspects of host defence-immunity against pathogens and the progression of cancer-a more detailed understanding of how ATF3 regulates immune and oncogenic signalling pathways could make ATF3 an attractive target not only for therapy for infectious diseases and immune disorders but also in the multidisciplinary therapy of cancers.
